Interval mapping of quantitative trait loci (QTL) for resistance to late blight, height, and maturity was performed on a tetraploid full-sib family of potato comprising 227 clones from a cross between a susceptible parent, 12601ab1, and a resistant cultivar, Stirling, which were of similar height and main crop maturity. Thirty-eight AFLP primer combinations provided 585 informative markers, and 23 SSRs proved useful for identifying linkage groups (LGs). A simplex QTL allele was found on LGV of Stirling close to marker STM3179, which was associated with early maturity, short plants, and susceptibility to blight and explained 54.7, 26.5, 26.3, and 17.5% of the variation for maturity, height, tuber blight, and foliage blight. When the residuals from the regressions of foliage and tuber blight on maturity were analyzed, there was no significant effect of a QTL on LGV, but a duplex QTL allele for resistance was found on LGIV of Stirling, which explained 30.7 and 13.6% of the variation for foliage and tuber blight on an additive model. Partial dominance for resistance explained even more of the variation, up to 37.2% for foliage blight. A major gene for blight resistance in Stirling was also mapped to LGXI. I N recent years, advances in computer technology which marker placings are fixed and to identify the have led to an increasing interest in extending linkmarkers whose positions are less certain. The method age analysis and quantitative trait locus (QTL) mapping was tested by computer simulation and application to methods from diploid to polyploid plant species, which 30 AFLP and SSR markers on linkage group IV of potato. display complex polysomic inheritance (Doerge and Once a reliable linkage map is available, the method of Craig 2000; Luo et al. 2001; Gallais 2003). This is Hackett et al. (2001) can be used for QTL interval not surprising, given the occurrence and evolutionary mapping in a full-sib family of an autotetraploid species significance of autopolyploidy in wild plants and the derived by crossing two parents. The success of the economic importance of several autopolyploid crop spemethod was demonstrated in a simulation study but not cies such as tetraploid alfalfa and potato, hexaploid on real data. The theory in these articles (Hackett et sweet potato, and octaploid strawberry and sugarcane al. 2001, 2003; Luo et al. 2001) was based on the simplest (Gallais 2003).
I
N recent years, advances in computer technology which marker placings are fixed and to identify the have led to an increasing interest in extending linkmarkers whose positions are less certain. The method age analysis and quantitative trait locus (QTL) mapping was tested by computer simulation and application to methods from diploid to polyploid plant species, which 30 AFLP and SSR markers on linkage group IV of potato. display complex polysomic inheritance (Doerge and Once a reliable linkage map is available, the method of Craig 2000; Luo et al. 2001; Gallais 2003) . This is Hackett et al. (2001) can be used for QTL interval not surprising, given the occurrence and evolutionary mapping in a full-sib family of an autotetraploid species significance of autopolyploidy in wild plants and the derived by crossing two parents. The success of the economic importance of several autopolyploid crop spemethod was demonstrated in a simulation study but not cies such as tetraploid alfalfa and potato, hexaploid on real data. The theory in these articles (Hackett et sweet potato, and octaploid strawberry and sugarcane al. 2001, 2003; Luo et al. 2001 ) was based on the simplest (Gallais 2003) .
situation that can give tetrasomic inheritance, namely Luo et al. (2001) presented a methodology for the random pairing of four homologous chromosomes to construction of a linkage map in an autotetraploid spegive two pairs of bivalents at meiosis and an orderly cies using either codominant or dominant molecular meiosis in which all possible diploid gametes are equally markers scored on two parents and their full-sib proglikely and viable. eny. The methods were applied to a simulated data set In practice, many departures from this simple situaand to a small set of SSR (microsatellite) and amplified tion could occur, in particular: multivalents and double fragment length polymorphism (AFLP) markers scored reduction, lack of complete homology between chromoin a full-sib population of tetraploid potato. Hackett somes and hence departures from random pairing, diset al. (2003) then introduced simulated annealing into torted segregation due to differential fertility and viabilthe methodology for ordering the molecular markers ity, errors in scoring gels, and genuine anomalies that in a linkage group (LG). This approach facilitates the require cytogenetical explanation. examination of orders close to the optimum to see It is, therefore, important to determine if this simple theory can be applied to real data and give useful results. There is also the need to demonstrate in polyploids 1 until 2000 at a high-grade seed site (Blythbank Farm, West compare trait means for different phenotypes at a single Linton, Peeblesshire, UK) . From 1998 onward, as back up and marker, as done by Meyer et al. (1998) al. (1998) in potato and Ming et al. (2001) in sugarcane.
in a glasshouse. In 1998, the tubers for this glasshouse mainteFinally, there is the need to show that genetical analysis nance came from the seed site, whereas in subsequent years they came from the glasshouse-grown plants.
at the tetraploid level really does provide information Field assessment of foliage blight resistance in 1998 (226 about allelic diversity and interactions, which is not availclones): The assessment was done at Yonderton Farm, Ayrable from analysis of diploid relatives or haploids of the shire, United Kingdom, on the western seaboard of Scotland tetraploid species.
where the weather conditions are conducive to the developQuantitative resistance to late blight [Phytophthora inment of blight. The trial had a randomized complete block design with two replicates and two-plant plots. There was one festans (Mont.) de Bary] of potato is an ideal trait for plot of each clone and three of each parent in both replicates.
testing the simple theory on real data of economic imTubers were planted on 13 May in pairs of drills separated by portance. Late blight is still the most serious disease of a third "spreader drill" of the susceptible cultivar King Edward.
potatoes worldwide, particularly in developing countries On July 20, glasshouse-grown plants of cultivar King Edward with poor farming communities in highland regions were inoculated in the laboratory with a zoospore suspension of the complex race 1, 2, 3, 4, 6, 7 of P. infestans. Three days disproportionately affected (International Potato later, on July 23, they were placed in their pots at meter Center 1997), and durable resistance is a major objecintervals along the spreader drills. The amount of blight prestive of many potato-breeding programs. Progress in the ent on the two plants in each plot was scored on Malcolmson's genetical dissection of quantitative resistance to P. in-1-9 scale of increasing resistance (Cruickshank et al. 1982) festans using DNA-based markers in diploid mapping on July 30 and on August 3, 7, 11, and 14, 1998 . (Bradshaw et al. 1995) . This article placed on a glasshouse bench in a two-replicate randomized presents and discusses the results of interval mapping complete block design. Within each replicate, each clone was of QTL for resistance to foliage and tuber blight, maturepresented once, and each parent three times, by plots of rity, and canopy height (as an indicator of vigor) on eight plants in adjacent pots, although for some clones there the full set of 227 F 1 clones from the 12601ab1 ϫ Stirling were fewer than eight plants. Tubers were harvested on August population using 38 AFLP primer combinations and 23 17, just as the plants were coming into flower and before the tubers were fully mature. The produce of the eight plants was SSRs to identify linkage groups of interest.
bulked and, where possible, the 20 largest tubers were selected and placed in a 12.5-cm pot. In practice, the average sample size of the clones was 16.87 tubers, excluding 17 plots, which MATERIALS AND METHODS were treated as missing because they had Ͻ7 tubers. The tuber samples were inoculated immediately after harvest by dipping Plant material: The cross 12601ab1 ϫ Stirling was one of a the pots momentarily in a suspension containing 2.5 ϫ 10 4 diallellic set of crosses made in 1992 (Bradshaw et al. 1995) . zoospores/ml of race 1, 2, 3, 4, 6, 7 of P. infestans. The pots The reciprocal cross was made in 1993. Seedlings were raised were stored for 48 hr in a constant environment chamber at in a glasshouse during the summer of 1994 and their tubers 15Њ and 100% relative humidity (RH) and then left to dry on harvested in mid-September. Although subsequent molecular the floor of a glasshouse header house at ambient temperature marker analysis of 272 clones failed to detect any selfs, it until scored. The number of infected tubers in each sample did highlight a distinct group of 45 clones from 12601ab1 ϫ was recorded over the period August 30-September 1, ignorStirling with an unusually low number of paternal bands. As ing any infections that had penetrated the skin through a there was no obvious experimental or genetical explanation wound or the stolon scar. The percentage of infected tubers for the origin of these distinct clones, they were omitted from was calculated (tb% 12601ab1, and 84 were present as simplex markers in both The population was grown at a ware site in 1999 (Mylnefield parents (double simplex). . The cycling conditions of late blight) applications were standard for a ware crop in for PCR using a PE 9700 thermocycler were as follows: 3 min southeast Scotland.
at 94Њ followed by 35 cycles of 15 sec at 94Њ, 30 sec at the Canopy height (ht) from the top of the drill was measured specific annealing temperature for each primer (see Table  ( electrophoresis loading buffer (98% deionized formamide, Maturity (mat) was scored on a 1 (all plants in a plot dead) 0.5 mm EDTA pH 8.0, 25 mg/ml bromophenol blue, 25 mg/ to 9 (all plants still green) scale on August 12, 1999 and August ml xylene cyanol) were added to the samples, which were 22, 2000. In 2001, the trial was still green at burn down. The then denatured at 95Њ for 5 min, "snap cooled" on ice, and trials were burned down with split applications of sulphuric acid subjected to 5% denaturing polyacrylamide gel electrophoreon August 22, 1999 , August 27, 2000 , and August 19, 2001 sis as described previously (Milbourne et al. 1997) . Buffer on GENSTAT 5 Release 3 (Genstat 5 Committee 1993) was the anodal side was supplemented with 0.5 m NaOAC to create used to analyze the data by the method of residual maximum an ionic gradient, which resulted in better separation of the likelihood with years, clones, and blocks as random effects. 2 are the variance components for clones, dosages for multi-allelic markers. The dosage with the highest clones ϫ years of interaction, and residual plot-to-plot variaprobability conditional on the observed parent and offspring tion.
phenotypes was identified using the approach of Luo et al. Clone means over years were based on the best linear unbi- (2000) . The goodness of fit of the most likely genotype was ased prediction of clone effects, which are usually smaller than assessed, and markers for which this was a poor fit were if they had been estimated as fixed effects. checked and either corrected or excluded as appropriate. All Genomic DNA isolation: Between 5 and 10 g of young, fully simplex, duplex, double-simplex, and multi-allelic markers expanded leaves were harvested from glasshouse-grown plants,
were analyzed by cluster analysis to partition them into linkage "flash-frozen" in liquid nitrogen, and stored at Ϫ70Њ. Genomic groups (Luo et al. 2001) . Dominant markers present in both DNA was extracted from 1 g of frozen leaf material following parents other than the double-simplex ones were excluded the protocol set out in the Nucleon Phytopure kit (Nucleon because they are very uninformative about recombination. Biosciences, Manchester, UK). The quality and quantity of For each linkage group, recombination frequencies and the DNA samples were evaluated under UV illumination after LOD scores between every pair of markers were calculated ethidium-bromide staining of 1% agarose gels.
for all possible phases using the EM algorithm, as described AFLP assays: AFLP assays were performed using a modificaby Luo et al. (2001) . The recombination frequencies and LOD tion of the protocol of Vos et al. (1995) as described by Milscores from the phase with the highest likelihood were used bourne et al. (1997) . The 6-bp cutting enzymes Pst I (10 unit/ to order the markers. A simulated annealing algorithm (Hackl) and EcoRI (10 unit/l) were obtained from Pharmacia ett et al. 2003) was used to identify the order with the mini-(Piscataway, NJ) and GIBCO BRL (Gaithersburg, MD), respecmum value of the weighted least squares criterion (Stam 1993 ) tively, and the 4-bp cutting enzyme MseI (4 unit/l) from and to calculate map distances between the markers. All of New England Biolabs (Beverly, MA). The One Phor All buffer these analyses were done using the TetraploidMap software (which is compatible with all enzymes used), T4 DNA ligase, program of Hackett and Luo (available from authors).
Analysis of trait data for QTL:
A preliminary analysis of and T4 polynucleotide kinase were purchased from Phar- 
Phenotypic data:
The phenotypic distributions of old for declaring a significant association was determined by a clone means are shown in Figure 1 for fb4, saudpc%, permutation test (Churchill and Doerge 1994) to overcome problems of multiple testing. This analysis eliminated markers tb%, fbc, ht, and mat. There were statistically significant with no significant effect on the trait and gave an approximate differences (P Ͻ 0.001) between clones for all traits. location for QTL affecting blight, maturity, and height.
Reciprocal crosses are not distinguished as there were However, unless a population has been scored for many no statistically significant reciprocal differences (P Ͼ multi-allelic microsatellite markers that are sufficiently infor- tibility. The component associated with maturity was association between early maturity and susceptibility for statistically significant (P Ͻ 0.001) for all three traits tb%. The linear regressions are and the percentage variance accounted for was 31.1% (fb4), 26.9% (saudpc%), and 25.4% (tb%). While the fb4 ϭ 1.328 ϩ 0.727 mat full range of blight scores could be seen at medium saudpc% ϭ 31.195-1.767 mat maturity, the association between resistance and late maturity was clear for fb4 and saudpc% and so was the tb% ϭ 101.61-9.26 mat Stirling's major R-gene: Stirling's major R-gene was Interval mapping: Interval mapping was used to examine the effects of the QTL on linkage groups IV and V treated as a qualitative trait and mapped along with the molecular markers. The ratio of 137:78 clones with and of Stirling. The effects of the QTL alleles from the Stirling parent were initially modeled as additive effects. without the R-gene was a better fit to a 1:1 ratio ( 2 1 ϭ 16.19) than to a 5:1 ratio ( 2 1 ϭ 59.56), but a statistically As no significant associations between traits and alleles from the 12601ab1 parent were detected by regression significant (P Ͻ 0.001) departure from expectation. Nevertheless, it was concluded that a single copy of the analysis, these effects were not included in the model. The locations of the maxima of the likelihood profiles R-gene was present in cultivar Stirling. It mapped to linkage group XI at 79 cM on a marker map running and the estimates of QTL parameters are shown in Tables 4 and 5 for linkage groups V and IV, respectively. from EAACMCAG_91.0 at 0 cM to PGTAMCAC_600.0 at 122 cM, with the SSR markers STM5130 and STM5109
For linkage group V, the QTL for saudpc%, fb4, tb%, ht, and mat mapped to similar positions and explained at 36 and 60 cM, respectively. The closest marker in simplex coupling was PCTMCAC_153.0, 16 cM away at from 17.5 to 54.7% of the variation, which was more than the best individual marker (Table 3 ). The likeli-95 cM, and this marker had the highest chi-square (72.39) of those tested for association with the R-gene hood profiles for mat and saudpc% are shown in Figure  4b . For each trait the effects of alleles 2, 3, and 4 were and also displayed distorted segregation (125:83, 2 1 ϭ 8.48, P Ͻ 0.01). similar in size and sign, suggesting that the QTL on linkage group V is a simplex allele on homolog C1 with Marker-trait regressions: Regression of the trait data on the presence/absence of each marker identified 14 a significantly different effect from those on the other three homologs; i.e., the genotype is Qand gives markers that were significantly associated with one or more of the traits according to a permutation test (with rise to two gametes, Qq and qq. The allele Q on homolog C1 is associated in the offspring with earlier maturity |t| Ͼ3.8; Table 3 ). All of these markers were present only in the Stirling parent. Linkage analysis showed that (3.53 vs. 5.87 where 9 is late), shorter height (48.07 vs. 56.43 cm), and susceptibility to blight in the tubers these markers belonged to two linkage groups, identified as linkage groups IV and V by the presence of (74.63% vs. 45.17%) and foliage as measured by fb4 (3.77 vs. 5.63 where 9 is resistant) and saudpc% (25.3 microsatellite markers and AFLPs shared with a diploid reference map referred to as cross SH ϫ RH (Isidore vs. 20.8 ). There was no evidence for a QTL affecting fbc on linkage group V. When the residuals from the et al. 2003). The maps of these linkage groups, with their four homologs, are shown in Figures 2 and 3 . The regression of tb%, fb4, and saudpc% on mat were analyzed, there was no significant effect of a QTL on linkage simplex allele STM5148_b on C1 of linkage group V of Stirling was also present in 12601ab1 and did not group V, thus providing evidence for a QTL having a direct effect on maturity, which in turn affects the resegregate. The percentage variance of the traits mat, ht, tb%, fb4, saudpc%, and fbc that was accounted for sponse to blight. For linkage group IV, the QTL likelihood profiles by the regression on each of the 14 markers is shown in Table 3 . Mat and ht are both highly associated with for tb%, fb4, saudpc%, and fbc all peaked at similar positions and explained between 10.6 and 28.7% of the the markers from linkage group V, but not with those from linkage group IV, and fbc is associated only with variance, which was considerably more than the best individual marker (Table 3 ). The residuals from the the markers from linkage group IV. Both field measures of foliage blight, fb4 and saudpc%, show associations with regressions on maturity of the first three of these traits (r_tb%, r_fb4, and r_saudpc%) also peaked at similar markers from both groups. Tuber blight (tb%) is associated with markers from linkage group V according to locations and explained a higher proportion of the trait variance due to the elimination of the variance associthe permutation test, but also has a weak association with markers from linkage group IV.
ated with the maturity QTL on linkage group V. The The dosage of each marker is indicated as S (simplex) or D (duplex). NS indicates that the regression is not significant at P Ͻ 0.05, while italic type indicates a regression that is significant according to a permutation test (|t | Ͼ3.8). Traits are mat, ht, tb%, and foliage blight in field (fb4 and saudpc%) and glasshouse (fbc).
likelihood profiles for saudpc% and r_saudpc% are rise to three gametes, QQ, Qq, and qq. There were no significant effects of linkage group IV on mat or ht. shown in Figure 4a . For every trait the effect of allele 4 was not significantly different from zero, and hence Alternative QTL models: Stepwise regression was used to explore different models for the QTL effects on linkfrom allele 1, whereas the effects of alleles 2 and 3 were significantly different from zero, but not from each age group IV, using the estimated QTL genotypes for each individual, weighted by their probabilities at the other; i.e., the genotype of the QTL is QQqq and gives peak of the likelihood profile. Table 6 shows the mean two copies of the resistance allele confers more resistance than a single copy; i.e., dominance is incomplete. and standard error associated with the six possible QTL genotypes for r_saudpc% and fbc. For fbc, no improveSimilar results were obtained for the other traits (tb%, fb4, saudpc%, r_tb%, and r_fb4) with the exception of ment could be found on the additive model in which Qq is intermediate between QQ and qq. In contrast, with fbc, which has already been mentioned. Combining the two linkage groups: Finally, as fb4, r_saudpc%, improvements were found on the additive model, which accounted for 30.7% of the variance. A tb%, and mat are commonly measured in the potatobreeding program at SCRI, it was considered worthwhile model in which Q was completely dominant to q (i.e., Qq equals QQ) accounted for 35.3% of the variance.
to determine how much of the variation in fb4 and tb% could be explained by the QTL on linkage groups IV However, the mean trait value for individuals with QQ (Q 23 ) was lowest (most resistant) and including a sepaand V. Regression of fb4 and tb% on both mat and a dominant effect of a duplex allele at about position 72 rate term for this genotype explained 37.2% of the variance. Hence, there is evidence that the possession of cM on linkage group IV accounted for 56.3% of the Location, the location of the maximum of the likelihood profile; R 2 , the trait variance accounted for; Constant, the constant terms in the interval mapping model; Allele 2, Allele 3, and Allele 4, effects of the different alleles (relative to the constant). Standard errors are shown in parentheses. Traits are mat, ht, tb%, and foliage blight (fb4 and saudpc%). Trait names prefixed with r_ indicate the residuals after regression on maturity. Location, location of the maximum of the likelihood profile; R 2 , the trait variance accounted for; Constant, the constant terms in the interval mapping model; and Allele 2, Allele 3, and Allele 4, effects of the different alleles (relative to the constant). Standard errors are shown in parentheses. Traits are tb% and foliage blight in the field (fb4 and saudpc%) and glasshouse (fbc).
variance in fb4 and 39.6% of the variance in tb%. The eight AFLP primer combinations and an initial set of 23 SSRs (which mapped to linkage groups I, IV, V, effect of the R-gene locus on linkage group XI was not significant.
and XI) failed to produce a complete linkage map of markers (i.e., 12 linkage groups, each comprising four homologous chromosomes) in contrast to our experi-DISCUSSION ence in diploid potatoes where 20 AFLP primer combinations and 18 SSRs were adequate with one minor The QTL interval mapping method of allowed a more sophisticated genetical analyexception (Bryan et al. 2002) . Hence, interval mapping was confined to linkage groups in which all four homolosis of quantitative resistance to late blight than was possible in the earlier study of the same population by Meyer gous chromosomes had been identified and associations between single markers and traits had been found. In et al. (1998) . Furthermore, inclusion of data on height and maturity, as well as on resistance to tuber blight future, the aim is to identify and apply interval mapping to all four homologous chromosomes of all 12 linkage and a field assessment of foliage resistance, resulted in more information on the genetics of blight resistance groups. More codominant markers are needed for this purpose and so is more research on the clustering and the relative importance of various effects. Finally, the use of a simple and a complex race of P. infestans method used to search for linkage groups under polysomic inheritance where the allelic content of pairs of loci in glasshouse tests allowed Stirling's R-gene to be mapped to chromosome XI. As R7 has been mapped affects the information about the maximum-likelihood estimate of the recombination frequency. It may then to this chromosome (El-Kharbotly et al. 1996) , and the R7 differential was both a maternal and a paternal be possible to detect QTL of smaller effect. The advantages of the QTL interval mapping method great-grandparent of Stirling, it is a likely candidate for Stirling's R-gene, but this needs confirmation once were seen on linkage group V and to an even greater extent on linkage group IV. For mat, ht, and blight appropriate races of P. infestans are available. Although the analysis of Stewart et al. (2003) provided evidence (tb%, fb4, and saudpc%), the QTL allele of interest on V was shown to be present in single copy and linked in of clones with the R-gene having higher and lower scores (i.e., more resistance) for fb4 and tb% than clones withcoupling to seven markers positioned from 19 to 84 cM-more markers than might have been expected by out the R-gene, the effects were not large (4.96 vs. 4.36 with standard error of difference (SED) of 0.285 and chance with 162 simplex markers and 48 chromosomes, which may reflect polymorphism on LGV from past 54.4% vs. 66.2% with SED of 3.97%) and were not significant in the combined regressions on linkage groups introgressions. Postulating a QTL between two markers always explained more of the trait variance than either IV, V, and XI. For comparison, the estimated means for genotypes QQqq andat the QTL on linkage group marker alone; for example, the SSR marker allele STM3179 explained 41.5% of the variation in mat com-IV were 5.82 and 2.45 for fb4 and 48.8 and 81.4% for tb%. pared with 54.7% for the QTL. On linkage group IV, it was concluded that Stirling had two copies of the The limitations of the genetical analysis were those imposed by inadequate genome coverage with approresistance allele at the QTL. The only two duplex coupling markers were at 25 and 80 cM, and the latter priate and informative molecular markers and the number of QTL alleles and hence genotypes that occurred (STM3160_a) was difficult to score and sensitive to errors, being a marker that segregated 5:1. As a conseand could be distinguished in a full-sib family. Thirty- quence, the postulated QTL explained considerably erably more of the trait variance than the markers at 72 cM, PCCMATA_93.0 and PACMAAG_274.0, both more of the trait variance than either of these markers, including 10.6% for tb%. Likewise, it explained considsimplex markers associated with susceptibility and resis- tance, respectively, and postulated to be very close to use of SNP haplotypes, with the possibility of measuring allele dosages in both parents and progeny, is worth the QTL. With chromosomal segregation, the difference between the two marker-class means (Mmmm Ϫ exploring for the future and so is developing more SSRs (Ghislain et al. 2004) . It is probably not worthwhile to mmmm) for a duplex QTL is 1/3(1 Ϫ 2r) (QQqq Ϫ) with M and Q in coupling and 1/3(1 Ϫ 2r)
add to the population size beyond the 227 of this study to increase the number of chiasmata sampled and hence (Ϫ QQqq) with M in coupling with q. Hence, onethird of the difference between the two QTL genotypes the accuracy of QTL location. It is the QTL of large effect, which can be detected in a study of this size, is the maximum that can be detected with simplex markers, and this occurs when the recombination frequency which are the candidates for marker-assisted selection and map-based cloning. Likewise, just two replicates of (r) is zero. In the earlier work of Meyer et al. (1998) , a duplex AFLP marker, which they called p75m48 ϭ 5, each clone were sufficient for high heritabilities of clonal means in all tests and more replicates would was found, which explained 31.6% of the phenotypic variance in blight scores but, as with STM3160_a, it appear unnecessary. The limitations of the genetical analysis imposed by the number of QTL alleles, and was difficult to score and reproducible results were not achieved in this study. Nevertheless, it is reassuring that hence genotypes that occurred and could be distinguished in a full-sib family, were manifest with the QTL the interval mapping analysis gave a similar conclusion about the location of the QTL for foliage blight resison V for maturity. Only two genotypes segregated, QqqЈqЈ andЈqЈ, and it is not known how QQqЈqЈ tance on linkage group IV.
The interval mapping method was also superior in and QqqЈqЈ would compare. Hackett et al. (2001) demonstrated that a maximum of six main effects, 13 bialgiving estimates of the three QTL genotypes QQqq, Qqqq, and, as opposed to only the differences lelic interactions, 12 triallelic interactions, and 4 tetraallelic interactions can be fitted to the 36 genotypes in between two dominant marker classes for a marker at an unknown distance from the QTL. In other words, a full-sib family arising from the cross Q 1 Q 2 Q 3 Q 4 ϫ Q 5 Q 6 Q 7 Q 8 , but a large population would be required QTL effects and location are not confounded and genotypes QQqq and Qcan be distinguished. With only to obtain good estimates of the means. Furthermore, given the number of SSR alleles found, it seems unlikely 50 duplex markers in this study, and 45 in the previous one, it would appear fortuitous to find a marker such that eight QTL alleles would, in practice, segregate in a full-sib family. Nevertheless, mapping in tetraploids as p75m48 ϭ 5 closely linked in coupling with a duplex QTL (i.e., MQ/MQ/mq/mq) because there are 12 linkhas provided additional information on allelic diversity and interactions to mapping in diploid relatives and the age groups in potato, and for each group there are six possible pairs of chromosomes.
results are directly relevant to a tetraploid breeding program. Multi-allelic codominant markers are desirable in potato for greater precision in linkage and QTL analysis Although the QTL for ht, mat, and blight on V mapped to slightly different locations, it is assumed that Luo et al. 2001) . The six SSR markers shown in Table 1 were used primarily to identify there is a single locus with allelic variation for a physiological trait that affects height and maturity and indithe three linkage groups of interest by reference to a standard diploid population, SH ϫ RH (Isidore et al. rectly affects resistance/susceptibility to blight. Likewise, it is assumed that there is a single QTL on IV 2003). None of them allowed recognition of all four homologous chromosomes in a parent, nor had the five affecting foliage resistance and tuber blight resistance in the glasshouse and field. However, tight linkage of SSRs on IX used in the example in Luo et al. (2001) . For the 11 SSRs, a total of two to four alleles were found separate genes cannot be ruled out.
Although cultivar Stirling and clone 12601ab1 had with one to three present in each parent. Hence the similar foliage maturity scores of 4.95 and 4.61, respecing for blight resistance to assess foliage maturity and to explore any relationships with foliage and tuber resistively, the former segregated for maturity and a wide range of variation was seen in the offspring, with 54.7% tance. The resistance QTL on LGIV was not associated with of the variation explained by a QTL close to marker STM3179 on linkage group V. Hence the QTL allele late maturity and hence is extremely valuable in a breeding program, but bearing in mind that two copies of for early maturity in Stirling must be negated by the other allele (triplex) achieving maturity later than that the allele give more resistance than only one. Likewise the QTL for foliage resistance on LGIII reported by of clone 12601ab1. Collins et al. (1999) and Visker et al. (2003) also found a QTL of large effect on maturity Visker et al. (2003) was independent of maturity. Although the QTL for blight resistance on LGIV and matuclose to the same marker on V, which explained 62.3% (averaged over 3 years) and 84.0%, respectively, of the rity on LGV explained only 56.3 and 39.6% of the variation in foliage and tuber blight scores, it was encouraging variation in their diploid populations. The effect of maturity on blight was marked as can be seen by the linear for prospects for molecular breeding to find a QTL of large effect for quantitative resistance, which had regressions of fb4, saudpc%, and tb% on mat. Stirling is a maincrop variety and the later-maturing clones that traditionally been equated with polygenic resistance. Flanking markers on LGIV allowing the measurement were found in the population are undesirable. Five first early cultivars were included in the yield trials as controls of allele dosage would be very useful. Marker-assisted selection in the seedling generation in the glasshouse and had a mean maturity score of 2.525 over the 2 years for which the trait was scored. The linear regressions could have a major impact on potato breeding because all of the genetical variation from hybridization has been predict increased susceptibility to foliage and tuber blight with earlier maturity, with changes in fb4 from
released, yet six generations of expensive clonal selection in the field and special disease and quality tests are 4.93 to 3.16, in saudpc% from 22.45 to 26.73, and in tb% from 55.77 to 78.23% as maturity changes from usually required to find potential new cultivars. Lastly, there is the question of whether or not a more 4.95 to 2.525.
When the residuals from the regression of fb4, elaborate and sophisticated theory is required. The theory of Luo et al. (2001) and Hackett et al. (2001) is saudpc%, and tb% were analyzed, there was no significant effect of a QTL on LGV, thus providing evidence based on the simplest situation that can give tetrasomic inheritance, namely random pairing of four homolofor a QTL having a direct effect on maturity, which in turn affects the response to blight. In the absence of gous chromosomes to give two pairs of bivalents at meiosis. In practice, many departures from this simple situamaturity scores, one would interpret the blight data in terms of a QTL on V explaining 26.3, 20.3, and 17.5% tion could occur, in particular: multivalents and double reduction; lack of complete homology between chromoof the variation in tb%, fb4, and saudpc%. Visker et al. (2003) also found a QTL for foliage resistance to late somes and hence departures from random pairing; distorted segregation due to differential fertility and viabilblight, which appeared to map at the same position as the QTL for maturity on V and which explained 41% ity; errors in scoring gels (although gels should be scored independently by more than one person and of the variation in blight scores. However, when they adjusted the late blight scores for foliage maturity, the any disagreements that cannot be resolved treated as missing data); and genuine anomalies requiring cytogeeffect of blight resistance on V was halved but not eliminated. Hence, they could not rule out two closely linked netical explanations. Statistical geneticists have made a start with multivalents in the linkage analysis of autotetgenes, one affecting blight and maturity and the other affecting only blight resistance. Collins et al. (1999) raploids (Wu et al. 2001) and will no doubt model most if not all of the other situations and find the results found in their diploid population that the most significant associations for foliage and tuber blight, maturity intellectually satisfying. How useful such theory will be in practice remains to be seen, bearing in mind that and vigor, were with marker alleles on V in the region of STM3179 that originated from the male (susceptible) the linkage map is usually a route to the QTL analysis rather than an end in itself, and diploid linkage maps parent. Susceptibility to foliage blight was associated with early maturity and lack of vigor, but with resistance are available. In the meantime, this article shows that simple theory can be applied to real data to give useful to tuber blight, the latter result was the opposite from results. this study. The QTL explained 29.8% (averaged over 3 years) of the variation in foliage blight scores. While it Zewei Luo, now at the University of Birmingham, developed the is known that resistance to late blight depends on the theory and software for linkage analysis while on the Genome Analysis of Agriculturally Important Traits (GAIT) Project. D. Todd and R. physiological age of the plant (Stewart et al. 1983a,b, potato tubers. In the meantime, it is important in breed-
